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BEI Systron Donner's family of quartz inertial sensors uses
a one piece, micromachined inertial sensing element to measure
angular velocity. These sensors produce an output signal
proportional to the rate of rotation sensed. In this paper, the
operation of the quartz rate sensor (QRS) is presented. A
mathematical model of the quartz fork is extracted, and the
vibration characteristics of the quartz fork are presented. In
order to control the magnitude of the drive tines, an
AGC/Oscillator (AGC: automatic gain control) loop is
employed. The system response is analyzed using Matlab and
Pspice. A switched capacitor (SC) circuit is used to realize the
functions of full wave rectification (FWR), integration, and
summation. The AGC level is controlled to within 0.3%/V
dependency on the power supply. This fixes the scale factor of
the QRS to the same level of power supply rejection.
INTRODUCTION
Gyroscopes can be used in any application that requires the
measurement of rotation or angular rate. Gyroscopes find
application in the automotive sector for rollover sensors,
intelligent cruise control and vehicle dynamics etc., also in
consumer devices such as camera stabilization, and inertial
navigation. The principle of a vibrating gyroscope is well
known. First of all, a proof-mass is driven to move along an
axis in the proof mass plane, e.g. x-axis. When it experiences a
rotation about another axis, e.g. z-axis, a Coriolis force is
generated in y-axis, which is perpendicular to both the driving
direction x-axis, and the rotation direction z-axis. The angular
rate is inferred through the detection of the motional change in
y-axis of the proof-mass caused by the Coriolis force.
A great deal of research effort has gone into the
micromachined gyroscope [1]. Current micromachined
gyroscopes have been demonstrated both in open-loop sensing
[2] and closed-loop sensing with digital feedback [3]. Closed-
loop sensing has the potential to increase the sensor bandwidth,
improve linearity, and reduce sensitivity to process and
temperature variations. In certain applications, such as the field
of aerospace & defense and automotive stability control, therom: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Usscale factor of the sensor needs to be very accurate and stable
[4]. Thus a driving servo loop, namely AGC loop, is necessary
to keep the vibration amplitude of the proof mass constant. The
output of the sensing loop then becomes proportional only to
the input angular rate and is not affected by the variation in the
driving amplitude.
Systron Donner’s GyroChip, as shown in Fig.1, uses a
vibrating quartz tuning fork to sense rate, acting as a Coriolis
sensor, coupled to a similar fork as a pickup to produce the rate
output signal. Each sensor along with its support flexures and
frames are batch fabricated from thin wafers of single-crystal
piezoelectric quartz. The piezoelectric drive tines are driven by
an oscillator at precise amplitude, causing the tines to move
toward and away from one another in anti-phase motion at the
resonant frequency. This vibration causes the drive fork to
become sensitive to angular rate about an axis parallel to its
tines, defining the true input axis of the sensor. For vibrating
tines, an applied rotation rate causes a sine wave of torque to be
produced, resulting from "Coriolis Acceleration." This, in turn,
causing the tines of the pickup fork to move up and down (not
toward and away from one another) out of the plane of the fork
assembly. The pickup tines thus respond to the oscillating
torque by moving in and out of plane, producing electrical
output signals. These signals are then amplified and converted
into a DC signal proportional to rate by use of a synchronous
switch (demodulator) responding only to the desired rate
signals. The DC output signal of the GyroChip is directly
proportional to input rate, reversing sign as the input rate
reverses, since the oscillating torque produced by Coriolis force
reverses phase when the input rate reverses.
The analysis of the fork’s vibration helps one to understand
and design the control circuit. In this paper, the fork will be
analyzed in detail as a dynamic system first, including the
fork’s resonant and anti-resonant vibration mode. Then, the
operation of the AGC/Oscillator drive circuit of the QRS shall
be discussed. The design of a PID control loop including
switched capacitor integrator and lead-lag circuit is presented in
detail. The circuit is designed and fabricated in a 0.35um
CMOS double-poly, triple-metal process. The evaluation test
results are analyzed, followed by a summary of conclusions.1 Copyright © 2004 by ASME
e: http://www.asme.org/about-asme/terms-of-use
DownloCHARACTERIZATION OF THE FORK
As shown in Fig. 2, the QRS is divided into two sections:
drive and pickup. The drive portion looks and acts exactly like
a simple tuning fork. Because the drive tines are constructed of
crystal quartz, it is possible to electrically “ring” this fork. Each
fork tine has a mass and an instantaneous radial velocity that
changes sinusoidally as the tine moves back and forth. Ideally,
as long as the fork’s base (comprised of the mount pedestal and
bridges) is stationary, the momentum of the two tines exactly
cancel each other and there is no energy transfer from the tines
to the base.
The fork is manufactured from piezoelectric quartz. The
dynamic behavior of piezoelectric beam is studied first [5]. Fig.
3 shows the geometric model used.


















Figure. 3 Piezoelectric beam model
∆m
T(y) T(y+∆y)aded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UseFig. 4 presents the electrode arrangement on the cross-
section of the beam; 4(a) activates a vibration in x direction and
4(b) excites or detects a vibration in z direction.
The electric field in a piezoelectric material is composed of
one dielectric and one piezoelectric field. The electric field is
equal to the dielectric field if the material is not exposed to a
mechanical stress and to the piezoelectric field if no electric
potential is applied to the electrodes.
Assuming that the structure studied is vibrating in the z-
direction. The forces acting on a small slice of the beam are
shown in Fig. 3. Applying Newton’s second law
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where yAm ∆⋅=∆ ρ  is the mass of the small slice, and b is
damping factor. With respect to the center of gravity, the
bending moment in the x-direction of the thin slice is
( ) ( )[ ] ( )2
2
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The bending moment can also be described with the integral of
one of the basic piezoelectric tensor equations
∫∫∫ −== dAEzddAzdAzsM kkyyy
E
yyx εσ         (3)
where, Eyys  is the compliance tensor at a constant electric field,
kyd  is the piezoelectric tensor constant, kE  is the electric
field, yσ  the local stress and yε  is the local strain in the y-
direction given by (for a vibration in the z-direction)
( ) ( )yzzx zy ζε ′′−=,                            (4)
Equations (2), (3) and (4) inserted into Eq. (1), gives
Figure. 4 Two electrode configurations for
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where 123whI x =  is the moment of area with respect to the
x-axis.
As mentioned earlier, the electric field kE consists of one
dielectric ( dkE ) and one piezoelectric (
p
kE ) part:
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where ( )yR zcz ζ ′′−= 1  is the dynamic radius of curvature, V
denotes the externally applied electric potential, and pkU  is the
potential contributed by the piezoelectric charge distribution




























































ky 0=⋅= ∫                   (8)
The value C  is in most cases, and especially for crystal
quartz, <<1. Eq. (7) shows that the piezoelectric properties
affect the resonance frequency via C. This shift is due to the
piezoelectric part of the electric field. It is also clear that it is
the dielectric part of the electric field that acts as a drive force.
From cantilever beam theory, the eigenvalues nk  are
given by the equation
( ) ( ) 01coshcos =+lklk nn                    (9)
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The drive tines and pickup tines of the QRS can also be
modeled respectively as an equivalent lumped element circuit
as shown in Fig. 5. The elements are a resistor, a capacitor and
an inductor in series (denoted Rs, Cs & Ls, respectively) with
another capacitor (C0) in parallel. The series elements are
electrical equivalents, while the parallel capacitor is a real
capacitor formed by the electrodes and leads.
The crystal has a resonant frequency and an anti-resonant

























                (12)
For one QRS fork from Systron Donner, the drive tines
have a drive frequency of 11.28kHz and Q of 15700. The
lumped element parameters are Rs=260kΩ, Ls=56861H,
Cs=3.5fF, and C0=1.8pF. The frequency response of this drive
tine is shown in Fig. 6. The resonant frequency of 11.282kHz
has an associated anti-resonant frequency around 11.293kHz.
More interesting, the phase experiences a 180 degrees shift





Figure 5. Simplified Lumped Element Fork Model3 Copyright © 2004 by ASME
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DowAGC/OSCILLATOR CONTROL LOOP DESIGN
The AGC/Oscillator loop system is shown in Fig. 7.
Basically it consists of two loops, namely an AGC loop and an
oscillator loop. There are four main blocks in this system, the
fork model, current to voltage converter (I/V), SC
FWR/integrator, and lead-lag circuit. VBG is a reference
voltage derived from a bandgap circuit.
1.  SC FWR/integrator
In the AGC loop, in order to control the oscillator signal
amplitude, the oscillator signal (about 11kHz in Systron
Donner’s QRS) needs to be full-wave-rectified to a DC value,
integrated and then compared with a predefined reference
voltage to set the AGC level. As shown in Fig. 8, the SC
integrator block can realize all three functions: full-wave
rectification, integration and summation. The summation is
employed before the integrator.


























Carrier Band Frequency Response of the Fork











Figure 7. Block Diagram of the AGC/Oscillator Loopnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: The FWR and integration block, shown inside the dotted
line area in Fig. 8, was simulated in Pspice with a frequency of
10kHz and 400mVpeak sinusoidal input. The switch clock
frequency is 250kHz, the C1 capacitor value is 800fF, and the
feedback has a capacitor of 20pF and resistor of 10MΩ . The
result is shown in Fig. 9. The integrator output level is about
508mV, as expected.
The SC block has an equivalent impedance given by
fC
Req
1=                                    (13)
where f is the clock frequency for switch operation and C is the
capacitance value of the capacitor.
So in the summation, there is a relationship between
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Figure 9. SC FWR Simulation Results4 Copyright © 2004 by ASME
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Dow2. Stability: Lead-lag circuit
Lead and lag compensators are used quite extensively in
control. A lead compensator can increase the stability or speed
of response of a system; a lag compensator can reduce (but not
eliminate) the steady state error. Depending on the effect
desired, one or more lead and lag compensators may be used in
various combinations.
A first-order phase-lead compensator can be modeled as
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with p = 1/T, z = 1/aT, and Kc = a. The magnitude of z is less
than the magnitude of p. A phase-lead compensator tends to
shift the root locus toward the left half plane. This results in an
improvement in the system's stability and an increase in the
response speed.
In frequency response design, the phase-lead compensator
adds positive phase (i.e. phase lead) to the system over the
frequency range 1/aT to 1/T. A bode plot of a phase-lead
compensator looks like the following (Fig. 10):
The two corner frequencies are at 1/aT and 1/T. Note the
positive phase is added to the system between these two
frequencies. Depending on the value of a, the maximum added
phase can be up to 90 degrees; if you need more than 90
degrees of phase, two lead compensators can be used. The
maximum amount of phase is added at the center frequency,
which is located at
aTn
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Additional positive phase increases the phase margin and
thus increases the stability of the system. This type of
compensator is designed by determining a from the amount of
phase needed to satisfy the phase margin requirements, and
determining T to place the compensated phase at the new unity-
gain crossover frequency. Another effect of the lead
compensator can be seen in the magnitude plot. The lead
compensator increases the gain of the system at high
frequencies (the amount of this gain is equal to a). This can
increase the unity-gain crossover frequency, which will help to
decrease the rise time and settling time of the system.
A first-order lag compensator can also be designed using
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where the magnitude of z is greater than the magnitude of p. A
phase-lag compensator tends to shift the root locus to the right,
which is undesirable. For this reason, the pole and zero of a lag
compensator must be placed close together (usually near the
origin) so they do not appreciably change the transient response
or stability characteristics of the system.
A lag compensator in frequency response form is given by
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The phase-lag compensator looks similar to a phase-lead
compensator, except that a is now less than 1. The main
difference is that the lag compensator adds negative phase to
the system over the specified frequency range, while a lead
compensator adds positive phase over the specified frequency.
A bode plot of a phase-lag compensator is shown in Fig. 11.
The two corner frequencies are at 1/T and 1/aT. The main
effect of the lag compensator is shown in the magnitude plot.
The lag compensator has gain at low frequencies. The
magnitude of this gain is equal to 1/a.  The effect of this gain is
to cause the steady-state error of the closed-loop system to be
decreased by a factor of a. Because the gain of the lag
compensator is unity at mid and high frequencies, the transient
response and stability are not impacted too much. A side effect
of the lag compensator is the negative phase that is added to the
system between the two corner frequencies. Depending on the
value a, up to -90 degrees of phase can be added. Care must be
taken that the phase margin of the system with lag
compensation is still satisfactory.5 Copyright © 2004 by ASME
e: http://www.asme.org/about-asme/terms-of-use
DownA lead-lag compensator combines the effects of a lead
compensator with those of a lag compensator. The result is a
system with improved transient response, stability and steady-
state error. To implement a lead-lag compensator, first design
the lead compensator to achieve the desired transient response
and stability, and then add on a lag compensator to improve the
steady-state response.
The lead-lag circuit used in the AGC loop employs a T-
network structure as shown in Fig. 12 with the transfer function
in Eq. (21).
















With all parameters chosen appropriately, it has the
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This frequency response will give maximum of 47 degrees





























Figure 11. Bode Plot of a Lag Compensator







Voloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Useto improve the transient response, stability and steady-state
error of the AGC system.
3. System response
The AGC/Oscillator loop response is analyzed using
Matlab Simulink. The Simulink model is shown in Fig. 15,
which is directly generated from block diagram Fig. 3,
including fork model, current to voltage converter (I/V), SC
FWR/integrator, and lead-lag circuit.
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The simulation results of this model are shown in Fig. 16.
Fig. 16 (a) shows that fork’s vibration has built up in about
400mS, so the I/V output voltage reaches the designed 0.8Vp
value. Fig. 16 (b) is the integrator output. It shows that the
integrator is saturated at the beginning, which corresponds to
the full-scale drive voltage in the “Fork Drive Voltage” as
shown in (d). When the AGC input level reaches a certain
threshold value, the oscillation magnitude is then controlled by
the AGC loop. This configuration is designed for high
magnitude drive at startup that drives the oscillation of the fork
very hard at the beginning. The results show that the system is











































Figure 14. Frequency Response of the Lead-lag












































Abs6 Copyright © 2004 by ASME
: http://www.asme.org/about-asme/terms-of-use
Downloaded Fro(a) I/V Converter Output
(b) Integrator Output
(c) Lead-lag Output
(d) Fork Drive Voltage Output
Figure 16. Simulink Simulation Results
of the AGC/OSC Loopm: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UsEXPERIMENT TESTING RESULTS
The AGC/Oscillator loop is one part of a monolithic ASIC
design, which was fabricated in a 0.35um CMOS process. The
ASIC is used in conjunction with a QRS to detect and process
angular rate for demanding automotive and commercial
applications. The QRS fork and the ASIC were tested in the
lab, and some of the experiment results are presented and
discussed in this section.
The quartz fork was tested to verify the resonant and anti-
resonant frequencies as shown in Fig. 17 and Fig. 18.  For this
specific fork, the pickup resonant frequency is 11.523kHz, and
the anti-resonant frequency is 11.617kHz. The drive side has
11.154kHz for resonant frequency, and 11.245kHz for anti-
resonance.
The fork is driven to oscillate at the drive tines’ resonant
frequency. The scale factor of the QRS is proportional to the
crystal current in the drive tines. Fig. 19 shows the relationship
between crystal current and the drive voltage. The ASIC and
QRS is designed to work with a 5V DC power supply. The test
data shown in Fig. 19 was beyond the range of normal
Figure 17.  Pickup Frequency Response
























Figure 18.  Drive Frequency Response
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Downoperation. It shows that the drive tines exhibit nonlinearity
when the drive voltage is greater than 5Vrms.
The ASIC was tested thoroughly and design-iterated in
order to achieve the required performance. Some test results
related with the fork and AGC/Oscillator loop are presented
and discussed here. Fig. 20 shows the waveform of the I/V
output and the drive voltage at the AGC/Oscillator startup. The
red curve, I/V converter output, shows the buildup of the
energy in the fork. The blue curve is the drive voltage. At
startup, the drive voltage is at rail to drive the fork very hard ,
consequently reducing the startup time. When the AGC loop is
servoed the drive voltage magnitude is controlled by the AGC
loop.
The AGC level is controlled to within 0.3%/V dependency
on the power supply. Thus the scale factor of the QRS is
controlled to this accuracy. Test results in Fig. 21 shows the I/V

























Figure 19.  Nonlinear relation between crystal
current and drive voltage
Figure 20.  Fork startup characterizationloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UseCONCLUSION
This paper presented the operation principle of the BEI
Systron Donner QRS gyroscope. The fork’s vibration was
analyzed. A control loop for the oscillator is implemented in an
ASIC design. Both simulation results and experimental results
show that, the AGC/Oscillator drive circuit provides stable
scale factor of the gyroscope. With proper compensation
applied, the AGC loop was designed for optimized startup time
and performance.
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Figure 21.  I/V output magnitude over VDD8 Copyright © 2004 by ASME
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